Polymer translocation through the nanochannel is studied by means of a Monte Carlo approach, in the presence of a static or oscillating external electric voltage. The polymer is described as a chain molecule according to the two-dimensional "bond fluctuation model". It moves through a piecewise linear channel, which mimics a nanopore in a biological membrane. The monomers of the chain interact with the walls of the channel, modelled as a reflecting barrier. We analyze the polymer dynamics, concentrating on the translocation time through the channel, when an external electric field is applied. By introducing a source of coloured noise, we analyze the effect of correlated random fluctuations on the polymer translocation dynamics. 
Introduction
The translocation of biopolymers into or across membranes is one of the most important biological processes in nature [1] [2] [3] [4] [5] . Because of their relevance, polymers were widely investigated in a large number of experimental, theoretical and numerical studies (see Refs. [1, 2, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and references therein). A fundamental work on polymer translocation, forced by an electric field, showed that during the passage across a nanopore, the single-stranded DNA molecule significantly reduces the single-channel ion current. As a consequence, the mean translocation time, defined as the average duration time of the current drops, linearly increases with the polymer length [9] . Experiments and simulations based on molecular dynamics showed that the translocation time increases with the chain length and decreases with the increase of a static electric voltage applied through the nanopore [9, 11] . By means of theoretical approaches, it was proved that the geometric structure of the environment strongly affects the translocation dynamics through membrane pores in biological systems [18] . In particular, a nanopore modelled as a cylindric channel, placed between two spherical compartments, causes the translocation time to increase with the chain length [19] .
A key role is also played by an oscillating electric voltage applied across the channel. Experimental investigations showed that the probability for electric field interactions with intracellular substructures of both prokaryotic and eukaryotic cells increases, when electric pulses with duration smaller than microsecond are applied [20] . The DNA motion through a 1-nm-diameter pore, in the presence of an alternating electric field, exhibits hysteresis due to tilting of the DNA nucleotides in the pore constriction [21] .
A theoretical work, exploiting a Langevin approach, analyzed the dynamics of a polymer crossing a barrier, in the presence of a metastable potential. The findings show that the mean first passage time (MFPT) is characterized by two different dynamic regimes, depending on the polymer length. Specifically, polymers with length comparable with the persistence length, cross the pore more slowly than longer polymers [15] . Using the same Langevin approach, the first evidence of resonant activation (RA) for the mean first translocation time of a polymer was found [16] . Moreover, in the presence of an oscillating linear potential, the MFPT of a polymer exhibits a minimum at a resonant frequency and a maximum at low frequency [17] .
In this work, we adopted a Monte Carlo approach in order to explore the dynamics of a flexible linear chain molecule crossing a nanochannel in the presence of a static or oscillating driving electric field acting on the monomers of the chain. We modelled the polymer chain using the two-dimensional "bond fluctuation model" [12] . We described the dynamics of the polymer by considering that the boundaries of the spatial domain, and therefore the walls of the channel, behave as a reflecting barrier when they interact with the monomers of the chain. We modelled the interaction between adjacent monomers by a spring potential, and between non-adjacent beads through a Lennard-Jones potential [16] . Moreover, with the aim of providing a more realistic description of the polymer dynamics, we provided the chain with a suitable stiffness. We obtained this by including a bending recoil torque in the model, with a rest angle between two consecutive bonds equal to zero.
In our study we calculated the first translocation time (FTT) of the polymer as the time interval during which at least one monomer is located inside the channel. Therefore, FTT coincides with the duration of the channel closure, which starts with the entrance of the first monomer into the channel and concludes with the coming out of the last monomer. This time interval is also named closure channel time and coincides with the duration of the electric current drop experimentally observed during the polymer translocation [9, 22] . As a first step, we considered a static electric voltage and calculate the FTT for different values of both electric voltage and polymer length. Afterwards, we extended the study to the case of an electric voltage oscillating with frequency ν, and the FTTs were obtained for different values of ν. The simulated polymer dynamics takes into account the effects of thermal fluctuations, which are intrinsically considered in a numerical approach based on Monte Carlo method. However, the polymer translocation could be influenced not only by thermal fluctuations, whose statistical distribution is that of a Gaussian white noise, but also by the presence of correlated noise. Therefore, we analyzed the role of correlated random fluctuations, by adding a source of coloured noise to the oscillating electric voltage, and obtaining the FTT for different values of both the intensity and correlation time of the noise source.
The model
The polymer, described as a chain composed of N beads in a two-dimensional spatial domain [23] , was modelled by using the classical "bond fluctuation model" [12] (BFM). In the framework of a 2D coarse grained lattice model, the BFM is an efficient lattice Monte Carlo algorithm for coarse-grained polymer chains where each monomer occupies exclusively a certain number of lattice sites on a simple square lattice. Monomers along a polymer are connected by one of the bond vectors, chosen such that the excluded volume interactions prevents a crossing of bond vectors during the motion. Bonds linking the beads may have lengths varying between 2 and 3 √ 2 in units of the lattice constant, where the upper limit prevents bonds from crossing each other. With these restrictions each segment can occupy 36 different lattice sites and there are 28 different bond angles between 0 and π. The multitude of possible bond lengths and angles allows a better representation of the continuous-space behavior of real polymer solutions and melts, also allowing for a rather realistic implementation of the bending rigidity. The bond fluctuation model, hence, incorporates the relevant universal characteristic of polymer blends: connectivity of the monomers along a chain, excluded volume of the segments, and a thermal interaction between monomers. According to previous theoretical works [6] [7] [8] 14] , we studied the translocation dynamics of a polymer using a piecewise linear channel (see Fig. 1a ), whose profile is a schematic reproduction of the real nanopore present in biological membranes [1, 2] . All lengths are measured in units of the lattice spacing (l.u.). After comparison of numerical results with experimental data [2] , we found that a lattice unit corresponds to roughly 2 Å. For height of the barrier, we chose a length of 40 Å, which roughly corresponds to the radius of the gyration of our polymer, in order to minimize the number of missing translocations due to the localization of the chain in the lower or higher corners of the barrier. At the initial time of each numerical simulation, the molecule chain is placed horizontally and located in the left side of the spatial domain (see Fig. 1 where polymer is highlighted by circular gray line). The interactions between adjacent monomers were modelled by a spring potential, and between non-adjacent beads through a Lennard-Jones potential. Moreover, the chain was provided with a suitable stiffness: a bending recoil torque was included, with a rest angle equal to zero between two consecutive bonds. The dynamics, exploiting the Monte Carlo method based on Metropolis algorithm [24, 25] , was obtained taking into account the interactions of each monomer both with the other beads of the chain and the walls of the channel. Specifically, the following terms of energy were included in our algorithm:
which is the potential energy associated with the bond stretch ( = 0 001) and normalized to the Lennard-Jones constant, LJ ; is the bond length and 0 = 3 l.u. (6 Å) is the equilibrium bond length;
which is the potential energy associated with the bond angle, normalized to LJ ; the value of the stiffness constant is θ = 8 0 and the rest angle is θ 0 = 0;
which represents the energy contribution due to the Lennard-Jones interaction between adjacent monomers, with σ = 1; the Lennard-Jones constant is normalized to R T , i.e. LJ = 1, (R is the universal gas constant and T the temperature) [11, 26] ;
which is the contribution of electric energy due to the presence of the voltage V ( ), normalized to B T ( B is the Boltzmann constant), applied through the channel and acting on all monomers. The electric charge, , of each monomer is assumed to be equal to that of the electron [2] . The conformation of the polymer on the lattice evolves via local random monomer hopping in which a randomly chosen monomer attempts to move one lattice constant in a random direction. Within the bond fluctuation model, dynamic trajectories are generated by using a simple type of bead jumps, which intuitively resembles the stochastic behaviour of Brownian particles, allowing for a dynamical interpretation of the Monte Carlo simulations in terms of a purely diffusive dynamics. If the new position does not violate the excluded-volume or maximal bond-length restrictions, the move is accepted or rejected according to the Metropolis criterion. The interaction with the walls of the spatial domain is described by introducing a reflecting potential as boundary condition: each time the numerical method selects a site beyond the walls, the monomer maintains the old position.
We recall that a polymer chain moving through a liquid causes every bead to feel the presence of friction and random forces. The motion of a bead through the liquid induces a velocity field which affects the motion of the other beads. At first order it is possible to neglect this effect (hydrodynamic interaction). This approximation implies that the model is not appropriate for dilute solutions, but can be valid only for polymeric melts [27, 28] . Moreover, the two-dimensional bond fluctuation model used cannot describe molecular interactions such as intermolecular hydrogen bonding [29] [30] [31] . Since intermolecular hydrogen bonding can play an important role in the structure of polymers, both synthetic and natural, we are planning to improve our model taking into account also this molecular interaction.
Results
As a preliminary step we obtained the persistence length (PL) of a polymer for different values of N (length of the chain) and θ (stiffness constant). In particular, for N = 12, which corresponds to a length of 70 Å, and θ = 8 we found a value of PL equal to 46 Å. In the following, by driving the polymer with different electric voltages, we calculated the mean first translocation time (MFFT), by averaging the FTTs over 1000 numerical realizations. The length of the channel was 100 Å and the temperature of the system was kept constant at T = 298 15 K.
Static electric voltage
We studied the translocation dynamics of polymers with different number N of monomers, applying between the ends of the channel a static electric voltage, V ( ) = V = 120 mV. In particular we concentrated on the MFTT, which coincides with the closure channel time pre- viously defined. By numerical simulations of our model we obtained the results shown in Fig. 2 .
In panel (a) of Fig. 2 we observed that the MFTT increases with the chain length, a behaviour very close to that experimentally observed by other authors (see Fig. 2 of Ref. [11] ). In particular, for N = 5, 10, 15, 20 monomers, the polymer extensions are 28, 58, 88, 118 Å, that is less or comparable with the channel length. For these values of N, the MFTTs exhibit a steep dependence on polymer length, as experimentally observed in Ref. [22] . For longer polymers (N ≥ 25), we analyzed the behaviour of the curve shown in Fig. 2a , and found that the translocation time increases as N γ , with γ = 1 98, which expresses a power law according to the Kramers theory [32] . We also noted that the probability density function (PDF) of the MFTTs (see panels (b), (c), (d) in Fig. 2 ) becomes larger as N increases. This can be explained by considering that, after the translocation started (closure of the channel) the crossing dynamics is more complex for larger values of N. As a consequence a more difficult translocation takes place and a spread of the MFTTs is observed. The results, shown in Fig. 3 , indicate that the translocation time decreases (see panel (a)) with the increase of the electric voltage, according to the experimental results reported in Fig. 4 of Ref. [11] . In panels (b), (c), (d), the PDF of the FTTs follows an opposite behaviour with respect to that observed for increasing length of the polymeric chain: larger values of the voltage determine narrower distributions of the values of FTT. To understand this result it is important to recall that, in the absence of an external driving, the polymer dynamics is uniquely governed by thermal fluctuations, which are responsible for forces with directions isotropically distributed and intensities following a Gaussian statistics. The application of a static electric voltage determines a preferred direction in the polymer dynamics, resulting in a more ordered motion of the chain. As a consequence, the range of the possible values of the translocation time becomes narrower and the spread of the corresponding PDF is reduced.
Effects of oscillating electric voltage
We considered an alternating electric voltage given by MHz. This minimum can be explained by noting that, at this frequency, a resonance-like effect is present. The period of the oscillating voltage takes on the value period ≈ 0 2 ms, which is equal to twice the MFTT found for N = 12 in the presence of the static voltage V static = 120 mV (see Fig. 2 for N = 12). As the frequency increases, this resonance phenomenon disappears. Specifically, due to the fast oscillation, the polymer "sees" a voltage varying rapidly in the interval [0, 2V 0 ]. This situation is responsible for several events of acceleration and deceleration of the polymer. As a consequence, the translocation occurs with longer MFTTs. For frequencies between 5 and 10 2 MHz, a reduction of the MFTT was observed. To explain this behaviour we note that the oscillations occur so rapidly that the effects on the polymer should be those of a voltage which progressively tends towards the static value. However, for frequencies greater than 10 2 MHz the MFTT reaches a constant value different from that observed in the case of static voltage. It is worth noting that our simulations were performed expressing the period of the driving voltage in unit of numerical time steps. Therefore, when the period becomes equal or less than the single time step, ω varies over a period or more in a single time step. In this condition the initial phase comes into play again, driving the system dynamics towards the regime observed for very low frequencies.
Electric voltage with random correlated fluctuations
Finally, we study the behaviour of MFTT, in the presence of the electric voltage
consisting of a coloured noise contribution added to an oscillating term. Here ζ is the archetypal source for colored noise, i.e. Ornstein-Uhlenbeck process given by [33] 
and ξ( ) is a Gaussian white noise within the Ito scheme with zero mean and correlation function ξ( )ξ( ) = V 2 noise δ( − ). The correlation function of the process ζ( ) is
and gives V 2 δ( − ) in the limit τ → 0. It is worth noting that in Eqs. (5), (6), (7) the time, and thus the correlation time τ , is considered as a dimensionless quantity. Therefore, ξ( ), ζ( ) and V are electric voltages and are expressed in mV, as one expects according to Eq. (5). After the numerical integration of Eq. (6), by comparing our results with experimental data [2] , we converted the time into a dimensional quantity, obtaining the correlation time τ expressed in ms. Using this method we have been able to calculate the MFTT as a function of the noise intensity, Fig. 4) . Moreover, we observe that the increase of MFTT is strongly dependent on the correlation time of the noise source. In particular, a reduction of τ causes the noise effects to prevail, with a progressive inhibition of the polymer translocation. These findings indicate that a noisy electric voltage could be used to delay the translocation of polymers, and to adjust the MFTTs by using noise source with different values of intensity and correlation time.
Conclusions
We performed a theoretical investigation on the translocation dynamics of a polymer through a nanochannel, in the presence of an external electric voltage. Using the twodimensional "bond fluctuation model" [12] , we described the polymer as a chain of N beads connected by harmonic springs with a bending recoil torque, in a two-dimensional spatial domain [23] . The polymer moves across a piecewise linear channel, which mimics a nanopore in a biological membrane [2] . Through a numerical method, based on a Monte Carlo approach, we obtained the mean first translocation time under different conditions. In particular, by applying a constant electric voltage between the ends of the channel we found that MFTT increases with the chain length, according to previous experimental results [22] . Moreover, by considering a polymer with fixed length we found that the MFTT decreases with the increasing electric voltage [11] .
In the presence of an oscillating electric voltage, we found a non-monotonic behaviour of MFTT as a function of ν, with the presence of a minimum and a maximum. In particular, the minimum can be explained by considering a resonance-like effect between the MFTT obtained in the presence of a static voltage and the period of the oscillating voltage.
Finally, by considering a coloured noise source, we found an enhancement of the MFTT, as the noise intensity increases or the correlation time is reduced. This circumstance indicates that the translocation time can be controlled by adjusting the parameters of the noise source.
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